Severe air pollution episodes in Europe and the USA in the early-to mid-twentieth century caused large health impacts, spurring national legislation. Similarly severe episodes currently affect developing regions, as exemplified by a particularly extreme episode in January 2013 in Beijing, China. We investigated associations between this episode and medical visits at a Beijing hospital. We obtained fine particulate matter (PM 2.5 ) measurements from the US State Department's Embassy monitor and daily counts of all-cause, cardiovascular, and respiratory emergency visits, and outpatient visits from a nearby hospital in the Liufang Nanli community. We analyzed whether risks increased during this episode (with daily PM 2.5 ≥ 350 μg/m Results were robust to modeling choices and episode definitions. This episode was extraordinarily severe, with maximum daily PM 2.5 concentration nearly 22-fold above the World Health Organization guideline. During the episode, risk increased for all-cause, cardiovascular, and respiratory emergency medical visits, and respiratory outpatient visits, consistent with previous US-based research. However, no association was found for all-cause or cardiovascular outpatient visits. China-based studies like this one provide critical evidence in developing efforts regarding air pollution remediation in China.
Introduction
Fine particulate matter (aerodynamic diameter ≤ 2.5 μm, PM 2.5 ) levels in Chinese cities are record-breaking (Ji et al. 2014) , in part, because rapid urbanization and industrialization have brought an influx of population and increased motor vehicle use (Hao and Wang 2005) . In northern China, coal burning for home heating drives concentrations even higher midNovember through mid-March, and this coal burning has been implicated in a variety of haze events over the past two decades (He et al. 2001; Ji et al. 2014; Kan et al. 2003; Liang et al. 2015; Wang et al. 2014b; Zheng et al. 2005) , with vehicle emissions also playing an important role in some episodes (Hao and Wang 2005; Wang et al. 2014b) . Severe episodes have grounded planes (Armstrong and Ke 2013; Associated Press 2013; Ji et al. 2014) , prevented outdoor activities (Ji et al. 2014) , restricted school activities (Armstrong and Ke 2013; Ma 2013) , and affected road travel (Armstrong and Ke 2013) . From January 11, 2013, to January 13, 2013, Beijing, China, experienced an exceptionally severe episode of high air pollution concentrations. Unlike another severe air pollution event that occurred later in January 2013, which was associated with a slow, progressing increase in PM 2.5 over 4 days, during the January 11-13 2013 episode air pollution levels rapidly rose to dangerously high levels as high emissions from both industrial and local anthropogenic sources combined with conditions of stratospheric warming following a period of particularly cold weather and stagnant atmospheric conditions (Ji et al. 2014; Wang et al. 2014b ). Compared to suburban and rural China, air pollution episodes in major urban centers of Northern China, such as Beijing, are often associated with a particularly notable increase in secondary organic-rich particles (Huang et al. 2014 ). This January 2013 episode was characterized by a rapid conversion of primary to secondary aerosols, as the combustion of fossil fuels and vehicle emissions led to particularly high levels of nitrous oxide, converting sulfur dioxide to secondary sulfate aerosols (Ji et al. 2014; Wang et al. 2014b) , creating conditions so severe the period was called an BAirpocalypse^ (Voorhees et al. 2014) .
Air pollution as severe as that experienced during this episode is likely to cause major health impacts. During severe episodes in Donora, Pennsylvania, and the Meuse Valley, Belgium, in the mid twentieth century, daily mortality increased five-and tenfold, respectively (Anderson 2009; Firket 1936; Schrenk et al. 1950) , while the 1952 BLondon Fog^increased risks for hospital admissions (Davis et al. 2002) , sickness claims (Greater London Authority 2002), and pneumonia (Davis et al. 2002) . Data for PM 2.5 , a component of air pollution accepted to have severe health impacts, has only recently become publicly available in China (Chen et al. 2013a) , and therefore there is only a limited body of literature assessing the health impact of PM 2.5 in China, with most previous research instead focused on other air pollutants. For example, Chen et al. (2012) assessed the risk of mortality from PM 10 exposure in 16 Chinese cities and found that for every 10 μg/m 3 increase in PM 10 , there was a statistically significant increase in all-cause, cardiovascular, and respiratory mortality (0.35% (0.18, 0.52), 0.44% (0.23, 0.64), and 0.56% (0.31, 0.81), respectively). However, a few studies have investigated the health impacts of PM 2.5 in Beijing, and these provide evidence that lowering air pollution levels may have benefits for overall respiratory, cardiovascular, and fetal health in the Beijing population. For example, the 2008 Beijing Olympics provided a unique opportunity for researchers to evaluate the health effects of a temporary, substantial decrease in air pollution, including PM 2.5 . Studies that compared the reduced-pollution 2008 Beijing Olympic period to pre-and post-Olympic periods found an overall decrease in respiratory inflammatory biomarkers Zhang et al. 2012) , cardiovascular/thrombotic inflammatory biomarkers Zhang et al. 2012) , and an increase in average birth weights (Rich et al. 2015 (Chen et al. 2013a) .
While US-and Europe-based studies have extensively investigated health effects of PM 2.5 exposures (Anderson 2009; Atkinson et al. 2014; Brook et al. 2004; Metzger et al. 2004; Peng et al. 2009; Pope III and Dockery 2006) , these studies covered much lower concentrations than those common in China, and extrapolation to higher concentrations may not be appropriate (Burnett et al. 2014; Ezzati et al. 2004) . Further, both the population susceptibility and the air pollution mixture, including the chemical structure of PM 2.5 , could differ in China from those in Western countries. It is critical, therefore, to conduct China-based studies of associations between air pollution exposure and human health. Here, we investigate the association between Beijing's 2013 BAirpocalypse^and medical visits at a Beijing hospital, to add to the growing understanding of health effects of PM 2.5 within China.
Methods

Data
We obtained PM 2.5 concentration data collected at the US Embassy in Beijing, China, and published on Twitter through @Beijingair (Beijing Air 2008) (Fig. 1) . Hourly concentrations were measured using MetOne BAM 1020 and Ecotech EC9810 monitors (Beijing Air 2008) . We aggregated hourly values to create 24-h daily averages, calculated from midnight to midnight. Values for the day were considered missing if > 25% of hourly measurements were missing. We obtained emergency and outpatient visit data from a hospital in the Liufang Nanli community, 2.66 km from the US Embassy (Fig. 1) . Unlike larger Beijing hospitals, this hospital rarely operates at capacity, making it a useful study location as total daily counts of medical visits are rarely capped by capacity limitations. Data included daily counts for all-cause (ICD-10: A00-Z99), respiratory (J00-J99), and cardiovascular (I00-I99) emergency and outpatient visits. Daily weather measurements (temperature and dew point temperature) are from the United States National Climatic Data Center's online database. Our full dataset covers February 17, 2009 to February 28, 2013 .
Statistical methods
Here, we defined the air pollution episode as the series of two or more consecutive days in mid-January 2013 with 24-h daily average PM 2.5 measurements ≥ 350 μg/m 3 . Using these criteria, we defined the air pollution episode as January 11, 2013 to January 13, 2013 for our main analysis. However, since other studies defined this episode with different dates (Chen et al. 2013a; Ji et al. 2014; Wang et al. 2014a; Wang et al. 2014b) , we also performed a sensitivity analysis to determine if results were consistent across these different identified dates for this episode.
For our primary analysis (labeled as BMain^in Results), we modeled the association between daily morbidity and this episode using an overdispersed Poisson generalized linear model:
where Y t is the count on day t of a particular health outcome, E t is a binary indicator variable of whether day t was in the episode (E t = 1) or not (E t = 0), and C t is a matrix of covariates and potential confounders for day t, including day of the week (modeled as a factor), holiday (indicator), last 2 weeks of each year (indicator), long-term and seasonal trends (natural cubic spline with six degrees of freedom/year), same-day mean temperature (spline with four degrees of freedom), and a severe influenza epidemic that occurred from October 1, 2009, to December 23, 2009 (Xi et al. 2010 ) (spline with additional knots during the epidemic).We included the indicator for each year's last 2 weeks because patients at this hospital tend to make additional visits then to use healthcare benefits that expire at year's end. Holiday dates were specific to China (e.g., Lunar New Year). In addition to our primary analysis, we fit five other models to help ensure that our results were robust to modeling choices. In particular, we did so to help identify any evidence of potential residual confounding, including from seasonal factors and from a severe influenza epidemic during the study period, in results generated from the main model fit for our primary analysis. First, we fit a model (which we refer to as the eliminated weeks model in the Results) that was identical to the main model, except that all days a week before and a week after the air pollution episode period were eliminated prior to fitting the model. The risk of a health event during the episode period was then compared to the risk on all the remaining days beside this period of days immediately adjacent to the episode. Second, we fit a model (influenza days removed model) that was identical to the main model, except with all days during the influenza epidemic (October 1, 2009 to December 23, 2009 (Xi et al. 2010) ) removed from analysis. Third, we fit a model (no influenza spline model) that was identical to the main model, except the additional spline to model the influenza epidemic was excluded from the C t variable in the model equation above. Fourth, we fit a generalized linear model, modeled with an overdispersed Poisson distribution, with analysis limited to study days in January (January-only model). In this model, we included controls for day of the week and year (both modeled as factors), but not a seasonal covariate or control for the influenza epidemic, since the model was only fit to January days. Fifth, we Study Hospital in the Liufang Nanli Community US Embassy, Beijing Fig. 1 Locations of the study hospital and air pollution monitor. Locations are marked by black triangles and include the study hospital in the Liufang Nanli community and the U.S. Embassy in Beijing, which is the source of the daily air pollution measurements tweeted by @Beijingair (screenshot of Twitter feed shown) performed a matched analysis restricted to episode days and control days, with matching on year, month, and day of week (i.e., only specific days from January 2013), using a casecrossover model fit using a generalized linear model (casecrossover model) (Armstrong et al. 2014) .
Finally, an earlier study by Chen et al (2013a) , estimated health risks during this episode at another Beijing hospital, using both a different definition of the air pollution episode and different methods for assessing the risk of health outcomes during this episode. To aid comparability with results from the Chen et al. (2013a) study, we included an analysis where we applied both the Chen et al. (2013a) study's methodology and their episode definition to our data. Using the Chen et al. (2013a) methodology and episode period, for this part of our analysis, we estimated relative risks by comparing average daily health outcome counts during a BSmog Period^of January 10-17, 2013 to reference periods of December 27-30, 2012 (BPre-smog Period^), and January 21-24, 2013 (BPost-smog Period^) (Chen et al. 2013a ). Relative risks were calculated for each health outcome by taking the mean count for the health outcome during the Smog period divided by the mean counts during the Presmog and Post-smog periods (Chen et al. 2013a ).
Results
Our dataset included over two million medical visits (Table 1) . Outpatient visits for cardiovascular and respiratory causes occurred at similar rates (~250/day), while cardiovascular emergency visits (~4/day) were much less common than respiratory emergency visits (~50/day) at the study hospital. Yearround, 87% of study days exceeded the WHO PM 2.5 guideline (25 μg/m 3 ) (WHO 2006) (Table 2) , with highest concentrations in winter (Table 2) .
Under our primary episode definition, we identified the episode as January 11-13, 2013 (Fig. 2) Results were relatively consistent when using episode definitions from other studies to identify days in the episode (Chen et al. 2013a; Ji et al. 2014; Wang et al. 2014a; Wang et al. 2014b) (Fig. 4) . Under all definitions, risk was elevated during the episode for all-cause, cardiovascular, and respiratory Table 1 Summary statistics for medical visits to the study hospital in the Liufang Nanli community of Beijing, February 17, 2009 to February 28, 2013 (full study period). Also shown are summary statistics for days in the episode (January 11-13, 2013), all study days not in the episode, and days used as control days in sensitivity analysis models that controlled for season by study design rather than model parameters (January-only model and case-crossover model) Total health outcome counts are the sum of all daily counts across the study period emergency visits, as well as for respiratory outpatient visits, and no association was observed with all-cause and cardiovascular outpatient visits. Point estimates were typically slightly closer to null for longer episode definitions, which included days with less severe PM 2.5 (Fig. 4) . Results were also similar across sensitivity analyses for model form (Table 3) .
As sensitivity analysis, we applied Chen et al.'s (2013a) statistical methodology and episode definition using our health data from a different hospital. When applying Chen et al.'s (2013a) approach to our health data, we found similar relative risk estimates for all-cause and cardiovascular emergency visits (Table 4) , but a lower risk in our study population for respiratory emergency visits than Chen et al. (2013a) found for their study population. There were also differences in results for outpatient visits, for which we found reduced risks during the episode in our study population, while Chen et al. (2013a) found an increased risk at their study hospital.
Discussion
Beijing's January 2013 BAirpocalypse^was extraordinarily severe, with the maximum daily PM 2.5 concentration exceeding the WHO guideline nearly 22-fold. By comparison, during London's 1952 BGreat Fog,^peak concentrations of total suspended matter (TSM) were estimated (albeit with data . Using approximate conversion ratios to estimate TSM concentrations based on PM 2.5 concentrations (Ezzati et al. 2004 ), the Beijing episode may have approached 2000 μg/m 3 TSM. While a limited comparison, given differences in measurement instruments and the broad approximations required for conversion, the comparison nevertheless highlights this episode's severity in comparison to a well-studied historical episode.
We found that during the Beijing episode, risk increased for all-cause, cardiovascular, and respiratory emergency medical visits, and respiratory outpatient visits at our study hospital. Though the confidence intervals were wide, there was a modest decrease in risk for all-cause and cardiovascular outpatient visits. Our results for respiratory outcomes are consistent with previous US-based research, which found increased respiratory medical visits associated with PM 2.5 exposure (Peel et al. 2005) . Although previous US-based research also linked elevated PM 2.5 to increased risk of cardiovascular medical visits (Metzger et al. 2004 ), we did not find a similar association for this episode at our study hospital. This observation could result in part from a differing healthcare system in China, where those with severe cardiovascular events would more likely go to a larger hospital than the hospital considered in this study. Further, this episode's severity may have convinced some to remain indoors, leading to avoided hospital visits for less severe complaints. This phenomenon may also explain the lack of an observed association for all-cause outpatient visits.
When we used this study's data to compare with an earlier study of this episode's impacts at another Beijing (Chen et al. 2013a) , results were similar for emergency visits but varied for outpatient visits (Table 4 ). The variation likely is not attributable to differences in exposure near the hospitals, as this episode was characterized by similar PM 2.5 concentrations across Beijing (Ji et al. 2014) . Differences may result from variation in the hospitals: in particular; our study hospital is near a cardiovascular specialty hospital, and so may receive fewer cardiovascular emergencies. Further, Chen et al.'s (2013a) method may be inappropriate for our study's hospital, since at our hospital, part of the control period under this method is poorly representative of expected medical visit patterns during the case period. At our study hospital, outpatient visits tend to be higher at the end of December than in neighboring weeks, as patients make extra visits to use expiring healthcare benefits. This increased rate of outpatient visits during the end-of-December control period would dampen the estimated episode effect at our hospital when using the Chen et al. (2013a) methodology.
This study provides an in-depth analysis of a severe air pollution episode that occurred in Beijing, China, using PM 2.5 measurements from the United States Embassy (Beijing Air 2008) and health data from a local Beijing hospital, helping to expand our understanding of the potential health risks associated with exposure to extremely high PM 2.5 concentrations in Beijing. Since both health outcome rates and air pollution patterns can follow strong seasonal patterns, the potential for seasonal confounding is a key concern in air pollution epidemiology. A key strength of this study is the use of a number of alternative modeling approaches as a sensitivity analysis to add confidence that observed associations are not a relic of residual seasonal confounding, including analyses that were limited to only days in the same season as the episode (January-only model and case-crossover model). This study does, however, have a number of limitations. The most significant is its use of data from a single hospital, which limits the generalizability of estimated associations to the broader Beijing population and also results in lower statistical power to identify associations, particularly for cardiovascular emergency visits. However, our results contribute evidence to the growing literature on the potential health impacts of short-term episodes of severe air pollution in Beijing, particularly in helping clarify which observed health risks during this episode were similar between our study hospital and another hospital studied previously, versus which outcomes showed strong heterogeneity in episode-related risks across these two study sites. Finally, the episode may have changed behavior, including causing some people to stay inside during the episode. If pollution-driven behavior changes are considered to be along a causal pathway between outdoor air pollution concentration and health outcome risk, it is reasonable to incorporate any protective influence of these behavior changes within the overall effect estimates, as our analysis approach would, rather than trying to control for pollutiondriven behavior changes as a potential confounder.
Severe air pollution episodes in the USA and Europe informed policies to protect human health, including the U.S. and United Kingdom's Clean Air Acts (Anderson 2009; Greater London Authority 2002; Snyder 1994) . China-based studies are critical as China continues developing air pollution policies. China has recently taken important steps to reduce dangerous air pollution concentrations (Chen et al. 2013b ). Short-term efforts reduced air pollution for major events, including the 2008 Olympics and 2014 Asia-Pacific Economic Cooperation Summit (Huang et al. 2015) , and China has begun issuing red alerts during severe air pollution (BBC 2015) . China is also developing longterm remediation measures, seeking to reduce PM 2.5 by 25% by 2017 (Ministry of Environmental Protection 2013), and the Chinese government has expanded its air pollution monitoring systems (Chen et al. 2013b) . Chinabased studies like this one provide important evidence in these developing efforts. Table 4 Relative risks (95% confidence intervals) for health outcomes during the episode (January 10-17, 2013) compared to pre-and post-episode reference periods, based on applying the methodology and episode definition from Chen et al. (2013a) to data from our study population Effect estimates from Chen et al. 2013a Effect estimates using our study data (different hospital) and Chen et al. 2013 a Effect estimates are shown as presented in the Chen et al. 2013a study, which used data from a different hospital in Beijing than the one used in this study b Effect estimates using our health data from a hospital in the Liufang Nanli community of Beijing, using both Chen et al.'s (2013a) episode period definition and methodology for assessing the risk of a health event during the pollution episode compared to two reference periods (see Methods section)
